Measurement and interpretation of gas phase formaldehyde concentrations obtained during the CHABLIS campaign in coastal Antarctica by Salmon, RA et al.
 
 
Measurement and interpretation of gas phase
formaldehyde concentrations obtained during the
CHABLIS campaign in coastal Antarctica
Salmon, RA; Bauguitte, SJ-B; Bloss, William; Hutterli, MA; Jones, AE; Read, K; Wolff, EW
DOI:
10.5194/acp-8-4085-2008
Document Version
Publisher's PDF, also known as Version of record
Citation for published version (Harvard):
Salmon, RA, Bauguitte, SJ-B, Bloss, W, Hutterli, MA, Jones, AE, Read, K & Wolff, EW 2008, 'Measurement and
interpretation of gas phase formaldehyde concentrations obtained during the CHABLIS campaign in coastal
Antarctica', Atmospheric Chemistry and Physics, vol. 8, pp. 4085-4093. https://doi.org/10.5194/acp-8-4085-2008
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
Atmos. Chem. Phys., 8, 4085–4093, 2008 www.atmos-chem-phys.net/8/4085/2008/ © Author(s) 2008. This work is distributed under
the Creative Commons Attribution 3.0 License.
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Feb. 2019
Atmos. Chem. Phys., 8, 4085–4093, 2008
www.atmos-chem-phys.net/8/4085/2008/
© Author(s) 2008. This work is distributed under
the Creative Commons Attribution 3.0 License.
Atmospheric
Chemistry
and Physics
Measurement and interpretation of gas phase formaldehyde
concentrations obtained during the CHABLIS campaign in
coastal Antarctica
R. A. Salmon1, S. J.-B. Bauguitte1, W. Bloss2, M. A. Hutterli1, A. E. Jones1, K. Read3, and E. W. Wolff1
1British Antarctic Survey, High Cross, Madingley Road, Cambridge, CB3 0ET, UK
2School of Geography, Earth & Environmental Sciences, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
3Department of Chemistry, University of York, Heslington, York YO19 4RR, UK
Received: 10 December 2007 – Published in Atmos. Chem. Phys. Discuss.: 8 February 2008
Revised: 13 June 2008 – Accepted: 24 June 2008 – Published: 29 July 2008
Abstract. Gas phase formaldehyde concentrations were
measured during the 2004–2005 CHABLIS campaign at Hal-
ley research station, Antarctica. Data coverage span from
May 2004 through to January 2005, thus capturing the ma-
jority of the year, with a wintertime minimum of near or
below the instrumental detection limit rising to between 50
and 200 pptv during the austral summer. Factors control-
ling HCHO concentration include local chemical sources
and sinks, and exchange with the snow surface. The mea-
sured seasonality is in line with previous observations from
Neumayer station, with maximum in summer and minimum
during the winter months, but with lower absolute concen-
trations throughout the year. The gas-phase production of
HCHO was dominated by methane oxidation and a steady-
state analysis showed that reactions of iodine and bromine
species substantially reduced the predicted HCHO levels
based upon in situ chemistry. This indicates a substantial ad-
ditional HCHO source to be present that could be explained
by a snowpack source.
1 Introduction
Formaldehyde (HCHO) is an intermediate species formed
during the photochemical oxidation of atmospheric hydro-
carbons by hydroxyl radicals. Its formation and destruction
is closely linked to odd-hydrogen (HOx=HO2+OH) chem-
istry and, by definition, to the oxidising capacity of the tro-
posphere.
Correspondence to: R. A. Salmon
(ipy.ras@gmail.com)
Formaldehyde is an impurity held within precipitated
snow and ice, and with its link to boundary layer oxidation
processes, it was for many years hoped that an analysis of
formaldehyde in ice cores would yield information on how
the oxidation capacity of the atmosphere, and specifically
OH concentrations, has changed through time (Staffelbach et
al., 1991). However, studies of HCHO in polar regions have
shown that there are significant post-depositional processes
that need to be considered. Formaldehyde is both lost from
the snowpack through physical processes (e.g. Hutterli et al.,
1999; Couch et al., 2000; Burkhart et al., 2002; Hutterli et
al., 2002; Hutterli et al., 2003) and also generated within and
then released from the snowpack through photochemical pro-
cesses (e.g. Sumner and Shepson, 1999; Sumner et al., 2002;
Grannas et al., 2002, 2004; Dassau et al., 2002). The results
are two-fold: firstly formaldehyde is not the straight forward
ice core proxy for changing oxidative capacity that was origi-
nally thought, and secondly, the snowpack in polar regions is
a major source of formaldehyde to the polar boundary layer.
There have been several studies of formaldehyde concen-
trations in the Arctic initially directed at understanding its
role in background tropospheric chemistry (e.g. De Serves,
1994; Shepson et al., 1996), and latterly to assess its contri-
bution, via the snowpack, as a source of HOx (e.g. Sumner
and Shepson, 1999; Sumner et al., 2002; Hutterli et al., 2001;
Chen et al., 2007; Sjostedt et al., 2007, Jacobi et al., 2002,
Yang et al., 2002). Photolysis of HCHO is not the only high
latitude OH source; snowpack emissions of H2O2 (Hutterli
et al., 2001; Chen et al., 2004; Hutterli et al., 2004; Chen et
al., 2007) and HONO (Zhou et al., 2001; Yang et al., 2002;
Beine et al., 2006) are also expected to enhance OH levels,
and photolysis of O3 is the primary gas-phase source. The
relative contribution from HCHO has been found to vary at
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Table 1. Mean Monthly Formaldehyde Measurements, Halley Research Station, 2004-5. Daily and monthly averages were determined from
10 minute measurements (see text). N = number of 10 min averages used for monthly mean. LOD = Limit of Detection (twice standard
error), see text. All values are given in parts per billion by volume.
Month Mean Sdev Min Max N Mean LOD
May 04 0.013 0.022 −0.097 0.103 1501 0.002
June 04 0.035 0.055 −0.224 0.209 2338 0.017
July 04 0.062 0.083 −0.251 0.289 1702 0.019
August 04 0.031 0.052 −0.150 0.223 2329 0.016
September 04 −0.001 0.052 −0.219 0.152 2256 0.019
October 04 0.051 0.050 −0.226 0.238 3224 0.016
November 04 0.071 0.059 −0.199 0.358 3204 0.029
December 04 0.090 0.062 −0.139 0.411 1755 0.018
January 05 0.142 0.063 −0.768 0.375 2705 0.021
February 05 0.097 0.032 −0.004 0.215 1059 0.015
different sites and also from season to season. For exam-
ple, during early spring at Summit, Greenland, emissions of
HCHO and H2O2 from the snow were the dominant source
of OH to the boundary layer (Sjostedt et al., 2005); during
the summer, photolysis of O3 became more important and,
together with snow-emitted H2O2, provided the most impor-
tant route for HOx formation (Chen et al., 2007).
Snowpack emissions of HCHO have also been assessed
at various locations across Antarctica including South Pole
(Hutterli et al., 2002; Chen et al., 2004; Hutterli et al., 2004),
Dome C (Hutterli et al., 2002), as well as on the ITASE tra-
verse across the West Antarctic Ice Sheet between 76◦ S and
90◦ S (Frey et al., 2005). As in the Arctic, the role played
by HCHO is significant; for example at South Pole, data
from the 2000 summer measurement programme showed
that emissions of H2O2 and HCHO were the dominant HOx
source (Chen et al., 2004). These studies were restricted to
the summer months and only one previous study has aimed
to measure Antarctic boundary layer HCHO on any extended
timescale. These measurements were carried out at Neu-
mayer station in coastal Antarctica, where HCHO was mea-
sured from March 1997 to January 1998 (Riedel et al., 1999).
The aim of the latter study was to probe the magnitude and
seasonality of this important radical precursor. The results
showed a summer maximum in HCHO (albeit with signifi-
cant short-term variability) and a wintertime minimum; the
range in mixing ratios was roughly 0.1 parts per billion by
volume (ppbv) to 0.5 ppbv over the course of the year. The
field measurements were followed up by a modelling assess-
ment to deduce the source and sink contributions to ambient
HCHO (Riedel et al., 2005), but there were some difficulties
reconciling the observations with model calculations.
The measurements presented here were carried out as part
of the Chemistry of the Antarctic Troposphere and the Inter-
face with Snow (CHABLIS) campaign that ran at the British
Antarctic Survey station, Halley (75◦35′ S, 26◦39′ W), in the
Weddell Sea sector of coastal Antarctica from January 2004
to February 2005 (Jones et al., 2007). The campaign aimed
to measure a wide range of trace gases and for an extended
period of time, to assess changes in chemical composition
on seasonal timescales. Of relevance here is that the obser-
vation suite included measurements of non-methane hydro-
carbons (NMHCs), surface O3, NO, NO2, and OH/HO2 (the
latter during summertime only). A full description of the site
location and campaign details are provided elsewhere (Jones
et al., 2008).
2 Experimental
The formaldehyde measurements were made in-situ at the
Clean Air Sector Laboratory (CASLab), the Halley atmo-
spheric chemistry laboratory. The CASLab is located 1km
away from station generators in a sector that receives min-
imal contamination from the main base. Contamination
episodes were monitored using both a Condensation Particle
Counter (CPC) and an Aethalometer (which measures black
carbon). Formaldehyde data points were removed whenever
a local contamination source was evident.
The formaldehyde measurements were made using an
Aerolaser 4021 Analyser which has a stated detection limit
of <0.05 parts per billion by volume (ppbv). It is therefore
ideally suited for Antarctic work where boundary layer mix-
ing ratios of HCHO are likely to be low. Ambient air was
sampled continuously via a 1.8 m long, 1/4′′ o.d. PFA Teflon
inlet line which was attached to the main trace-gas mani-
fold in the CASLab (for details see Jones et al., 2008). Data
were recorded every 30 s and further averaged in 10 minute
intervals to improve precision. The instrumental detection
limit was estimated as twice the 2-sigma standard error of 10
minute means. It varied between 0.01 and 0.06 ppbv through-
out the year, with a mean value of 0.018 ppbv, due to changes
in operational parameters and auto-tuning adjustments by the
instrument. This is less than half the manufacturers stated
limit. The consistency of this precision throughout the year
Atmos. Chem. Phys., 8, 4085–4093, 2008 www.atmos-chem-phys.net/8/4085/2008/
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is demonstrated by monthly mean standard deviation values
(Table 1) that vary between 0.022 ppbv and 0.063 ppbv, with
the exception of July when there were known instrumental
difficulties. The accuracy, determined by calibration factors
discussed below, was 15%.
The continuous measurement technique used has been de-
scribed in detail elsewhere (Dong and Dasgupta, 1987; Das-
gupta et al., 1988; Riedel et al., 1999). Gaseous formalde-
hyde is scrubbed into the liquid phase via a stripping coil
containing dilute sulphuric acid. This is followed by reaction
with Hantzsch reagent, a dilute solution made with acetyl
acetone, acetic acid, and ammonium acetate. Aqueous-phase
formaldehyde reacts with this reagent via the “Hantzsch Re-
action” to produce 3,5-diacetyl-1,4-dihydrolutidine (DDL).
Once excited by an appropriate wavelength, DLL fluoresces
thus allowing quantitative assay by monitoring the emit-
ted light. In our system, excitation was achieved using the
400 nm line from an Hg lamp, and emission was monitored
at 510 nm.
During the campaign, gaseous HCHO was stripped from
a 1 L/min (STP) air flow by dilute sulphuric acid flowing at
0.2–0.3 ml/min. The air flow was calibrated and controlled
with a mass flow controller, and liquid flow was measured
routinely. The system was calibrated by emitting a gas phase
pulse of HCHO, produced from an internal wafer in the in-
strument, every 9 h, and by passing the air through a hydro-
carbon trap to produce a zero signal every 3 h. This zero was
also confirmed by attaching an external scrubber to the inlet
line 2–3 times per week.
In order to correctly derive HCHO mixing ratios, it is crit-
ical to accurately know the emission rate from the internal
wafer. In order to do this, work was carried out in the UK
after the Antarctic measurement campaign to determine the
emission rate. This was done using two different methods:
(a) gas phase calibration, (b) liquid phase calibration + col-
lection efficiency experiments.
Method a): The gas phase calibration method used a Kin-
tech Model 491-M HCHO gas calibrator to supply a known
concentration of HCHO in air. A range of concentrations
from the Kintech source were passed into the AL4021, via
the same inlet tube as was used in the field, and the signals
compared with that from the AL4021 internal gas source, as
shown in Fig. 1. This method accounts for gas phase losses
in the system, and determined an emission rate from the in-
ternal wafer of 10.43 ng/min ±15% (Fig. 1). The manufac-
turer’s systematic error of 15% is due to the dynamic mass
flow controlled dilution and stability control of the perme-
ation oven that both influence the permeation rate of the Kin-
tech gas calibrator.
Method b): The liquid technique involved comparing the
internal wafer calibration pulse with a calibration curve de-
termined from liquid standards and yielded an emission rate
from the internal wafer of 8.507 ng/min±12%. (The experi-
mental error was determined from the liquid titration results).
However, this method does not account for losses in collec-
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Fig. 1. Gas Calibration of AL4021 HCHO Analyser. Error
from Kintech HCHO source 15%, error bars show 2σ variation
of repeated calibrations, Pearson’s linear correlation coefficiant,
R2=0.9687.
tion or gas scrubbing (i.e. the collection efficiency) so this
value is known to be an underestimate. In order to provide a
correction factor, collection efficiency experiments were con-
ducted. Calibration gas from the internal wafer was passed
through four bubblers in series, each containing MilliQ water
(18 M Ohm/cm) and then directed into the AL4021 to mon-
itor any residual signal. After about 50 min, the contents of
each bubbler were analyzed for dissolved HCHO using the
AL4021 Analyser in liquid measurement mode. The collec-
tion efficiency was determined by comparing the total HCHO
collected in the bubblers over a specific time period with
that measured by the instrument with no bubblers. The col-
lection efficiency derived experimentally in this fashion was
0.85±0.04. We note that this value compares well with the
collection efficiency calculated by comparing the emission
rate derived from the bubbler method with that from the Kin-
tech method (collection efficiency = 0.815±0.22). Know-
ing the collection efficiency allows a correction to be made
to the liquid phase calibration, which must be increased by
a factor 1/0.85. The corrected emission rate from the inter-
nal wafer derived by liquid phase calibration therefore equals
10.0±1.67 ng/min. It was decided to use this value, from
method (b), for determination of gas phase concentrations
due to the improved precision as compared to method (a).
In order to correctly derive measurements from the HCHO
analyzer it is essential to characterize and understand the in-
strument operation parameters. The results from this study
gives considerable reassurance that the calibrations used to
derive the HCHO data presented here are robust.
3 Results and discussion
Results from the year-round measurement are shown in
Fig. 2 with monthly summary statistics in Table 1. Daily and
monthly averages were determined from 10 min measure-
ments. During the austral winter, when there was no direct
www.atmos-chem-phys.net/8/4085/2008/ Atmos. Chem. Phys., 8, 4085–4093, 2008
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Fig. 2. Year-round gas phase formaldehyde measurements, Halley
Research Station, 2004-5. Black diamonds and line are daily aver-
ages (parts per billion by volume), 10 min averages shown as red
dots, limit of detection (twice standard error) shown in grey.
sunlight and little local chemistry occurring, the HCHO con-
centrations remained close to, or below, the instrumental de-
tection limit. Concentrations increased during spring and
reached a maximum in the austral summer when there was
continual sunlight and very active local photochemistry (e.g.
Bloss et al., 2007). Summer concentrations (November–
February), remained between 50–200 pptv. The seasonality
of the Halley data is therefore the same as the earlier mea-
surements made at Neumayer, but the magnitudes recorded
are significantly different. Indeed, the Neumayer measure-
ments (Riedel et al., 1999) are approximately three to four
times higher than the Halley data set.
There are no obvious differences between the two study
sites; Halley and Neumayer are both coastal stations in the
Weddell Sea Sector of Antarctica. They are therefore both
exposed to a mix of continental and maritime air and have
similar seasonal range of temperatures (Ko¨nig-Langlo et al.,
1998). Because both sites are on relatively narrow coastal
ice shelves, we have no reason to expect the boundary layer
height and other factors such as open water leads to dif-
fer. A potential source for the differences lies in the ana-
lytical approaches adopted. While the instruments used to
obtain the data were almost identical (the Neumayer study
used an Aerolaser AL4001, an earlier version of the Aero-
laser AL4021 employed at Halley), the calibration methods
were different. Both methods added a sample of calibration
gas, produced internally by the instrument, to zero air at reg-
ular intervals. Both also took regular readings of zero air to
ensure a consistent monitoring of the baseline. The instru-
ment at Neumayer, however, was calibrated during the cam-
paign by using a liquid standard to which the gas calibrant
was compared. Although this method was also employed
during the CHABLIS campaign at Halley, post-analysis of
the data suggested that the variability of the internal calibra-
tions of the liquid standard was greater than the variation
of the gas signal itself. This was partially due to instru-
mental auto-calibration parameters that changed sensitivity
following calibrations. In addition (and as outlined above),
this method did not account for internal losses of gas phase
HCHO prior to the Hantzsch reaction used for quantifica-
tion. The Halley data were therefore calibrated assuming a
constant gas permeation rate throughout the campaign. The
permeation rate used was shown to be within the error both
prior to, and following, the campaign. Furthermore, the Neu-
mayer data were derived assuming a collection efficiency of
99.9% based on the manufacturers specifications. The anal-
ysis presented here shows that the Halley instrument had a
lower collection efficiency, and that data derived from liq-
uid calibrations required an additional correction factor to be
applied. Unaccounted losses during sampling and scrubbing
would however not explain the higher measurements from
the Neumayer data set. The difference between these data
sets is unresolved and cannot be explained by instrumental
differences alone.
In a follow-up modelling study, Riedel et al. (2005) ex-
plored the sources of HCHO that could contribute to their
observed values. In addition to standard gas phase chem-
istry, they considered the contribution from isoprene, ethene,
propene, dimethyl sulphide (DMS), as well as the role
from halogens (with Cl+CH4 as a source, and sinks from
Br+HCHO and BrO+HCHO). They also looked to emis-
sion fluxes from the snowpack as a means of reconciling
their measurements. The model studies were carried out for
the month of November, the monthly maximum in their an-
nual observations. Their assumed precursor concentrations
were based on measurements made elsewhere, as such sup-
porting data were not available from Neumayer. The ba-
sic scenario included 100 pptv DMS, 5×103 molecs cm−3 Cl
atoms, 1.5×106 molecs cm−3 Br atoms, and had two NMHC
scenarios; respectively isoprene at 60 or 5 pptv, propene at
24 or 10 pptv, ethene at 45 or 25 pptv. They concluded
that, even using the higher NMHC loading, gas phase pro-
duction could account for a maximum of 37% of the ob-
served HCHO; the flux from the snowpack required to fill
the gap, assuming a boundary layer height of 41.5 m, was
1.9×1013 molecs m−2 s−1. For the lower NMHC scenario,
the snowpack source required to account for observed HCHO
increased to 2.5×1013 molecs m−2 s−1. Methane oxidation
contributed between 9 and 14.8% to the observed HCHO.
A significant advantage of the CHABLIS campaign is that
it included simultaneous measurements of a wide range of
trace gases. These can be used in numerical assessments
to constrain the calculations to observed values. Here we
present steady state calculations that use concurrent measure-
ments as input, and explore the sources and sinks of HCHO
at Halley.
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Table 2. Relative potential HCHO production from OH-initiated VOC oxidation.
Speciesa k′ (OH)b/s−1 HCHO production potential Contributionto potential HCHO production/%
Methane 0.149 1 79.25
iso-Butene 2.91×10−3 4 6.19
Propene 2.68×10−3 3 4.28
DMS 3.56×10−3 2 3.79
Ethene 2.47×10−3 2 2.63
Methanol 4.43×10−3 1 2.35
Propane 3.09×10−4 3 0.49
Ethane 4.19×10−4 2 0.45
Trans-2-Butene 1.45×10−4 4 0.31
Benzene 3.35×10−5 6 0.11
n-Butane 3.08×10−5 4 0.07
Iso-Butane 2.24×10−5 4 0.05
1-Butene 8.55×10−6 4 0.02
Acetylene 1.43×10−5 2 0.02
a CH4 data from CMDL flask analyses (Dlugokencky et al., 2007); CH3OH (200 ppt, taken from Jacob et al., 2005); NMHC data measured
via GC-FID (Read et al., 2007).
b k′ is pseudo-first-order rate coefficient for reaction with OH, calculated using temperature-dependent rate constants taken from the IUPAC
evaluation (Atkinson et al., 2006).
4 Steady state source and sink calculations
The HCHO levels observed in the Antarctic boundary layer
at Halley result from a combination of in situ photochemical
production and loss, effects of the snowpack (which can be
a source or a sink for carbonyl species), and production/loss
due to mixing of overlying air from the free troposphere. The
suite of observations obtained during the CHABLIS project
allow the in situ contributions to HCHO to be constrained,
which together with the HCHO observations permit the net
external flux (snowpack plus mixing) to be obtained.
The measurements required for these calculations, no-
tably observations of HOx, were available during the (aus-
tral) summer 2005 measurement period, corresponding to 3
January–10 February 2005; the following calculations refer
to this period of the campaign.
Formaldehyde production results primarily from the OH-
initiated degradation of hydrocarbons. NMHC were mea-
sured during CHABLIS via GC-FID (Read et al., 2007),
while methane abundance (1720 ppb for January 2005) was
determined through flask analyses by the Climate Monitor-
ing and Diagnostics Laboratory (Dlugokencky et al., 2007).
An indication of the relative potential for HCHO produc-
tion from each parent hydrocarbon species measured can be
obtained by comparing the product of their reaction rates
with OH, with the maximum number of possible HCHO
molecules which may ultimately result, conserving carbon –
i.e. 1 for methane, 3 for propene etc. Table 2 shows the result
of this calculation for the summer measurement period.
The potential HCHO production is clearly dominated by
oxidation of methane (nearly 80% of the total). It should be
noted that this approach will overestimate the HCHO pro-
duction for larger hydrocarbons, as the degradation products
from such species may be removed from the atmospheric sys-
tem by deposition, mixing etc. in the course of their chem-
ical processing, thus the relative contribution of CH4 to the
in situ chemical production of HCHO at Halley is likely to
be greater than this calculation indicates. A more accurate
approach to calculation of the HCHO production would be
to consider the actual HCHO yield anticipated from the ox-
idation of each of the measured VOCs, and from successive
generations of their daughter compounds (e.g. Wert et al.,
2003; Lee et al., 1998), however the dominance of CH4 over
NMHCs for HCHO production in this environment, and the
uncertainties in the halogen reactions removing HCHO (see
below) are such that the simple approach is appropriate.
In the remote boundary layer, the CH4+OH reaction leads
to production of CH3O2, which conventionally is considered
to react with organic and hydroperoxyl radicals to form per-
oxides and alcohols, or with NO, to form (overwhelmingly)
CH3O, which will react rapidly with molecular oxygen pro-
ducing HCHO and HO2. In situ removal of HCHO then fol-
lows through photolysis and reaction with OH:
OH + CH4 →→ CH3O2 + H2O (R1)
CH3O2 + HO2 → CH3OOH + O2 (R2)
CH3O2 + CH3O2 → CH3OH + HCHO + O2(0.74) (R3a)
2CH3O + O2(0.26) (R3b)
www.atmos-chem-phys.net/8/4085/2008/ Atmos. Chem. Phys., 8, 4085–4093, 2008
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CH3O2 + NO →→ HCHO + NO2 + O2 (R4)
HCHO + hv → H + HCO/H2 + CO (R5)
OH + HCHO → H2O + HCO (R6)
The rate constant for the CH3O2 self-reaction, (R3), is
84 times slower than that of the CH3O2+HO2 reaction at
267 K (the mean summertime temperature); as HO2 radi-
cals are likely to be present at similar levels to CH3O2, the
CH3O2 self-reaction makes a minor contribution to CH3O2
removal/HCHO production, and if this term is neglected the
steady state formaldehyde concentration, considering only
the CH4 source, may be approximated as:
[HCHO]ss=k1[OH][CH4](k4[NO])/(k2[HO2] + k4[NO])
j5 + k6[OH] (1)
Applying the mean observed levels for OH
(3.9×105 cm−3; Bloss et al., 2007), NO (7.3 pptv; Jones et
al., 2007), HO2 (0.76 ppt; Bloss et al., 2007) and measured
HCHO photolysis rate (H. K. Roscoe, personal commu-
nication) for the CHABLIS summer measurement period,
a mean formaldehyde mixing rato of 99.7 ppt is obtained,
close to the observed (summertime) mean of 127 ppt. The
mean (e−1) lifetime of HCHO is 13.5 h, dominated by
photolysis.
Considering the approximations adopted, and the moder-
ate lifetime of HCHO in this environment, the agreement
between the observed and calculated HCHO levels provides
little evidence for any net flux of HCHO into or out of
the boundary layer from elsewhere. The photochemical
environment at Halley however deviates from many remote
environments, in that the halogen oxides, IO and BrO, may
be present at appreciable concentrations. Observations dur-
ing CHABLIS using a boundary layer DOAS (Saiz-Lopez
et al., 2007), revealed typical mixing ratios for both species
over the summer period of 2 ppt on average (typical peaks of
5 ppt). The halogens affect the HCHO calculation above in
two ways:
1. Reaction of XO with CH3O2
XO + CH3O2 → Products (R7)
Rate constants for BrO+CH3O2 reaction of
9.14×10−12 molec−1 cm3 s−1 (267 K) and 5.7×10−12
(298 K) have been reported by Enami et al. (2007) and
Aranda et al. (1997) respectively, but the products of
the reaction are not fully constrained: Evidence from
the kinetic studies indicates that the likely products are
CH2O2+HOBr, or CH3OBr+O2, rather than (for example)
CH3O+BrO2, which would yield HCHO+Br+O2. In this
paper we assume that the reaction does not produce HCHO.
Measured rate constants for the IO+CH3O2 reaction are in
disagreement, with values (molec−1 cm3 s−1) of 6×10−11
(Bale et al., 2005; 298 K), 2×10−12 (Dillon et al., 2006;
298 K) and 6.9×10−11 (Enami et al., 2006; 267 K). More-
over, the products of the reaction are unknown. For the
purposes of this analysis we have used a rate constant
of 2×10−12 molec−1 cm3 s−1, and again assume that the
reaction does not produce HCHO.
At the observed mean summer levels of 2 ppt, following
the above assumptions, the halogen oxides account for 25%
of the CH3O2 removal rate (considering reaction with NO,
HO2, IO and BrO), resulting in reduced steady-state CH3O2
levels, and hence reduced HCHO production.
2. Reaction of Br and BrO with HCHO
Br + HCHO → HBr + HCO (R8)
The Br+HCHO reaction has a rate constant of
8.8×10−13 molec−1 cm3 s−1 (IUPAC-Atkinson et al.,
2007, 267 K). The observed levels of BrO during CHABLIS
(DOAS), correspond to Br atom concentrations of approxi-
mately 0.8 ppt on average (from steady state between BrO
photolysis and the Br+O3 reaction). The corresponding
HCHO removal rate is equivalent to 90% of that from
photolysis and reaction with OH, and reduces the calculated
HCHO lifetime to 7.2 h. BrO may also react with HCHO,
with rate constants of 1.5×10−14 molec−1 cm3 s−1 (calcula-
tion) and 4×10−15 molec−1 cm3 s−1 (upper limit) reported
by Hansen et al. (1999) and Orlando (2000) respectively.
Even at the faster rate, the reaction only makes a 2%
contribution to HCHO removal, and is neglected here.
Reactions (R7) ((7a) for IO, (7b) for BrO) and (R8) may
be incorporated into the steady state expression for HCHO :
[HCHO]ss=k1[OH][CH4](k4[NO])/(k2[HO2] + k4[NO] + k7a[IO] + k7b[BrO])
j5 + k6[OH] + k8[Br]
(2)
Including both of the XO+CH3O2 and the Br+HCHO re-
actions into the steady-state calculation results in an HCHO
mixing ratio of 40 ppt, which may be compared with the ob-
served level of 127 ppt during the summertime period. Ex-
ploring the uncertainties in the XO+CH3O2 kinetics, if the
IO+CH3O2 reaction were to proceed with the higher rate
constant, and not lead to HCHO production, the steady-state
HCHO level would be 17 ppt. If both the IO and BrO reac-
tions with CH3O2 led to direct production of HCHO, at the
faster rate in the IO case, the steady state HCHO levels would
be 55 ppt.
The presence of the iodine and particularly bromine com-
pounds in the Antarctic boundary layer at Halley thus signif-
icantly reduces the in situ steady-state HCHO level expected
from methane oxidation, from 99 to 17–55 ppt, depending
upon the details of the halogen oxide – peroxy radical chem-
istry. These values are significantly lower than the observed
level (127 ppt), indicating a net positive flux of HCHO to the
Antarctic boundary layer, resulting from the combined influ-
ence of the snowpack, and the overlying atmosphere.
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Taking the in situ chemistry steady-state HCHO mix-
ing ratio of 40 ppt derived above, the additional HCHO
production rate required to match the observed 127 ppt is
8.8×104 molec cm−3 s−1, i.e. in flux terms, assuming a 100
m boundary layer height typical of stable conditions at Hal-
ley (Jones et al. 2008), this is equivalent to an HCHO emis-
sion flux of 8.8×1012 molec m−2 s−1 if the net flux in or out
of the boundary layer from the overlying atmosphere is as-
sumed to be zero. Fluxes of HCHO out of the snowpack of
the order 1012 molec m−2 s−1have been reported for South
Pole during December (Hutterli et al., 2004), which suggests
that the calculated Halley fluxes are reasonable. In addition,
the Halley fluxes will be sensitive to the assumed boundary
layer height, and, as noted above, implicitly assume zero ex-
change between the boundary layer and the free troposphere.
5 Summary and conclusion
Year-round measurements of HCHO in coastal Antarctica
were obtained at Halley research station as part of the
CHABLIS campaign. The data show a wintertime minimum
of near, or below, the instrumental detection limit, rising to
between 50 and 200 pptv during the austral summer. This
seasonality is in line with the only other year-round HCHO
dataset from coastal Antarctica, conducted at Neumayer sta-
tion, but the values measured at Halley are roughly a fac-
tor 3 to 4 lower. The steady state calculations for HCHO
presented here provide a coherent picture of the dominant
controls on HCHO mixing ratios. Methane dominates the
HCHO production, and other hydrocarbons, including DMS,
alkenes and isoprene (which were not observed above the
detection limit by the GC-FID during CHABLIS) are neg-
ligible contributors, a few percent at most. HCHO removal
is dominated by photolysis and reaction with Br atoms. The
halogen oxide XO reactions with CH3O2 may also be signif-
icant in determining the HCHO mixing ratio, but the data to
constrain these is very uncertain. A consequence of the halo-
gen chemistry is a reduced HCHO lifetime that will reduce
the impact of the snowpack source of HCHO to the overlying
atmosphere (in snow covered regions where the halogens are
present).
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